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The regulation of hematopoiesis is generally evolutionarily conserved from zebraﬁsh to mammals,
including hematopoietic stem cell formation and blood cell lineage differentiation. In zebraﬁsh,
primitive granulocytes originate at two distinct regions, the anterior lateral plate mesoderm (A-LPM)
and the intermediate cell mass (ICM). Few studies in the zebraﬁsh have examined genes speciﬁcally
required for the granulocytic lineage. In this study, we identiﬁed the responsible gene for a zebraﬁsh
mutant that has relatively normal hematopoiesis, except decreased expression of the granulocyte-
speciﬁc gene mpx. Positional cloning revealed that phospholipase C gamma-1 (plcg1) was mutated.
Deﬁciency of plcg1 function speciﬁcally affected development of granulocytes, especially the matura-
tion process. These results suggested that plcg1 functioned speciﬁcally in zebraﬁsh ICM granulopoiesis
for the ﬁrst time. Our studies suggest that speciﬁc pathways regulate the differentiation of the
hematopoietic lineages.
& 2012 Elsevier Inc. All rights reserved.Introduction
The ontogeny of the vertebrate hematopoietic system is
characterized by two waves: primitive hematopoiesis and deﬁni-
tive hematopoiesis. Primitive hematopoiesis produces transitory
cell populations, predominantly erythrocytes and some myeloid
cells, while deﬁnitive hematopoiesis generates hematopoietic
stem cells that are capable of self-renewal and giving rise to all
blood lineages including lymphocytes (Moore and Metcalf, 1970;
Morrison et al., 1995; Weissman, 2000). Every lineage plays its
unique role in physiological processes throughout vertebrate life.
The innate immune system, the ﬁrst line of host defense against
infections, includes granulocytes that respond to infections and
tissue injury.
The maturation of granulocytes is a serial process that can be
divided into six development stages m myeloblasts, promyelo-
cytes, myelocytes, metamyelocytes, band neutrophils and seg-
mented neutrophils (Fiedler and Brunner, 2012). Differentll rights reserved.
),
sibs.ac.cn (Y. Zhou).
s work.transcription factors regulating granulocyte speciﬁc gene activa-
tion (Fiedler and Brunner, 2012). The transcription factors PU.1
and CEBPa are important for fate decision of granulocytes by
inhibiting monopoiesis (Friedman, 2002; Nakajima, 2011). GFI1 is
critically required in the development of mature neutrophils by
activating expression of granulocyte gene such as MPO and ELANE
(Fiedler and Brunner, 2012; Horman et al., 2009). Blocked gran-
ulocytes maturation process may result in a disease named
congenital neutropenia (Klein, 2009).
Zebraﬁsh (Danio rerio) is an excellent model to study hemato-
poiesis because of many advantages over other model animals
(Carradice and Lieschke, 2008). Hematopoiesis is highly con-
served between mammals and zebraﬁsh (Song et al., 2004).
Primitive hematopoiesis of zebraﬁsh initiates in two intra-
embryonic sites known as the anterior lateral plate mesoderm
(A-LPM) and posterior lateral plate mesoderm (P-LPM), the later
subsequently forms the intermediate cell mass (ICM) (Bertrand
and Traver, 2009). In A-LPM region, pu.1 positive primitive
macrophages are ﬁrst detected at 12 hours post-fertilization
(hpf). The ICM is the primary site of production of primitive
erythrocytes marked by gata1 expression and a few granulocytes
marked by myeloperoxidase (mpx) expression (Bennett et al.,
2001; Davidson and Zon, 2004). The origin of granulocytes
in zebraﬁsh occurs in two distinct sites (Bennett et al., 2001;
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in the posterior ICM (p-ICM) region and mpxþ granulocytes are
subsequently observed on the anterior yolk sac at 20 hpf.
Co-localization of mpx and pu.1 suggests the cells arise from the
A-LPM (Davidson and Zon, 2004; Warga et al., 2009). The mpxþ
cells in p-ICM also express pu.1 and have been proved to share a
common lineage with primitive erythrocytes (Galloway et al.,
2005; Warga et al., 2009). Although both mpxþ cells originate
from pu1þ progenitor cells, they may have separate regulatory
mechanisms (Bennett et al., 2001; Yuan et al., 2011).
To investigate development of granulocytes in the p-ICM
region, genetic mutants with speciﬁc aberrant mpx expression
in this region may be informative (Keightley et al., 2011). From a
forward genetic screen, we indentiﬁed a mutant line ldd239 that
had decreased mpx expression speciﬁcally in the ICM. By posi-
tional cloning we identiﬁed that the gene phospholipase C gamma-
1(plcg1) is responsible for the phenotype of ldd239. Plcg1 is
known as a downstream effector of receptor or non-receptor
tyrosine kinases mediated signaling pathways (Wilde and
Watson, 2001). Plcg1 hydrolyzes phosphatidylinositol 4,5-bispho-
sphate (PI(4,5)P2) into the second messengers diacylglycerol and
inositol 1,4,5-trisphosphate, thereby initiating and propagating
numerous cellular signaling events that regulate many biological
processes, such as fertilization, proliferation, differentiation, and
chemotaxis (Gresset et al., 2010). There have been several plcg1
mutant lines identiﬁed in zebraﬁsh and used for studying its roles
in vasculogenesis (Covassin et al., 2009; Lawson et al., 2003). Our
results demonstrated that depletion of plcg1 speciﬁcally affected
granulocyte maturation rather than differentiation process.Materials and methods
Zebraﬁsh maintenance and mutagenesis
Zebraﬁsh in our lab were managed under standard conditions
as described previously. For all experiments, zebraﬁsh embryos
were cultured in ‘‘egg water’’ consisting of 0.03% sea salt and
0.002% methylene blue as a fungicide. To inhibit the pigment
formation and facilitate the in situ hybridization, embryos were
incubated with 0.0045% 1-phenyl-2-thiourea (Sigma) (Kimmel
et al., 1995). Zebraﬁsh strain Tubegin (Tu) was mutagenized and
WIK was used as the mapping strain. ENU mutagenesis was
carried out as described (Mullins and Nusslein-Volhard, 1993).
The zebraﬁsh facility and zebraﬁsh study were approved by the
Institutional Review Board of the Institute of Health Sciences,
Shanghai Institutes of Biological Sciences, Chinese Academy of
Sciences (Shanghai, China).
Mapping and molecular analysis of ldd239
The ldd239 (Tu background) allele was mapped by out-
crossing heterozygous Tu ﬁsh into the polymorphic wild-type
strain WIK. We scanned the genome for linked SSLP markers by
bulk segregation analysis using standard methods (Bahary et al.,
2004). Fine mapping was carried out to narrow down the
distance. The cDNAs of candidate genes were sequenced from
pooled mutant RNA, and candidate mutation was conﬁrmed by
sequencing the genomic DNA. All primers used for the analysis
are provided in supplemental data (Supplemental Table 1).
Plasmids construction
Pcs2–plcg1
The zebraﬁsh plcg1 was ampliﬁed from reverse transcription
products and cloned into PCS2þ vector.Tol2(ﬂk1/mpx: plcg1-2a-mCherry)
Tol2 backbone including two arms was ampliﬁed with indi-
cated primers and combined with ﬂk1and mpx promoter to form
primary constructs. Then the plcg1-2a-mCherry fragment was
inserted into the primary constructs. All primers used in our
experiments are supplied in supplemental data (Supplemental
Table 1).Morpholinos and mRNA microinjection
Morpholino oligonucleotides (MOs) were purchased from
Gene Tools. Plcg1 MO: GCGCTCGCAGCCATTTCCCCTGTTT, veg-
faMO: GTATCAAATAAACAACCAAGTTCATA and control MO
sequence was provided in supplemental Table 1. Sumo123 MO is
provided by Yuan et al. (2011). Capped mRNAs were transcribed
from linearized PCS2þ plasmids (mMessage Machine; Ambion),
puriﬁed, and diluted to 100 ng/mL for injection at one cell stage.
Transient transgenic expression was carried according to the
previous report (Suster et al., 2009).Whole-mount in situ hybridization (WISH) and double ﬂuorescent
in situ hybridization
Digoxigenin-labeled RNA probes were transcribed using line-
arized constructs with T3 or T7 polymerase (Ambion). Whole-
mount in situ hybridization (WISH) was performed as described
(Fu et al., 2009; Thisse and Thisse, 2008; Zhang et al., 2008). The
operation of double ﬂuorescent in situ hybridization utilizes
standard digoxigenin and ﬂuorescein labeled probes along with
tyramide signal ampliﬁcation (TSA) (Brend and Holley, 2009). The
TSA system used in our lab is TSA Plus Fluorescein system and
TSA Plus Cyanine3 system (PerkinElmer), which, respectively
couple with Anti-Fluorescein-POD, Fab fragments and Anti-Digox-
igenin-POD, Fab fragments (Roche).Phosphorylated histone H3 labeling and TUNEL assay
Terminal transferase UTP nick end labeling (TUNEL) was
performed using the In Situ Cell Death Detection Kit, POD (Roche)
according to the manufacturer’s recommendations. Phosphory-
lated histone H3 labeling of ﬁxed embryos was performed with
the rabbit anti-phosphohistone H3 antibody (Santa Cruz) at 4 1C
overnight and revealed with Alexa Fluor 488 goat anti-rabbit
secondary antibody (Invitrogen).Sudan black staining and O-dianisidine staining
Sudan black staining was used to detect the granules of
granulocytes. After treatment with 4% formaldehyde, embryos
incubated in Sudan Black for 20 min at 33 hpf. O-dianisidine
staining was used to check hemoglobin and brown coloration
indicated presence of hemoglobin in zebraﬁsh embryos. Embryos
were dechorionated at 36 hpf and stained for 15 min in the dark
in O-dianisidine. And the two methods were detailed described as
previously (Le Guyader et al., 2008; Ma et al., 2007).Confocal scanning
Live ﬁsh were anesthetized with tricaine in embryo egg water,
and observed in slides. Living scanning microscopy was per-
formed on OLYMPUS-FV-1000 confocal microscope (under 40 /
1.00 NA and 60 /1.00 NA water-immersion objectives) (Le
Guyader et al., 2008).
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A zebraﬁsh mutant with defective granulopoiesis
From our forward genetics screen project we obtained a
zebraﬁsh mutant line named ldd239 with deﬁcient granulopoiesis.
We found that in ldd239 mutant embryos the expression of
granulocyte marker mpx was severely decreased in the ICM at
18 hpf and 22 hpf (Fig. 1(A)–(D)) but not affected in the A-LPM
(Fig. 1(C) and (D)). This indicates that the regulatory mechanisms
of granulopoiesis in these two regions are different. A similar
phenotype had been reported previously in zebraﬁsh with
decreased sumoylation of cebpa (Yuan et al., 2011). Interestingly,
ldd239 exhibited deﬁcient angiogenesis at 22 hpf marked by
decreased expression of endothelial markers ﬂi1 and ﬂk1
(Fig. 1(G)–(J)) (Lawson et al., 2003), while the vasculogenesis at
earlier stage 18 hpf had no obvious difference between wild-type
siblings and mutants (Fig. 1(E) and (F)).
The lack of mpx expression in the ICM suggested there were
defects in primitive granulocytes and prompted us to examine
whether other hematopoietic lineages, such as primitive macro-
phages and erythrocytes, were affected in the mutant embryos.
We analyzed the expression of l-plastin and lysozyme C in A-LPM,
and erythrocyte precursor marker gata1 and mature erythrocyte
marker hbae1 in the ICM by WISH. The results showed that there
were no obvious changes in the expression of these markers
(Fig. 1(K)–(T)). Expression of mpx at 32 hpf was decreased
expression in the trunk region (Supplemental Fig. 1(A) and (B)),Fig. 1. Mutants of ldd239 display granulopoiesis and angiogenesis defects. ((A)–(D)) WI
obviously decreased expression in the ICM compared with wild-type siblings at 18 hp
indicate the mpxþ cells in the ICM. White arrows represent the mpxþ cells in the A-LP
white arrows). ((E)–(J)) WISH assays of ﬂi1 and ﬂk1 expression at 18 hpf and 22 hpf. Ex
(F)). Expression of ﬂi1 and ﬂk1 at 22 hpf show deﬁcient angiogenesis and defects are be
lyz ((K) and (L)) and l-plastin ((M) and (N)) are normal in the A-LPM of mutants at
progenitors marker, gata1 ((Q) and (R)), and mature erythrocyte marker, hemoglobin hlikely due to defects in angiogenesis and vasculogenesis causing
decreased circulation (Supplemental Fig. 1(C) and (D)). Our
results establish a speciﬁc defect in myelopoiesis in the mutant.
The ldd239 mutation disrupted the plcg1 gene
We identiﬁed the ldd239 mutant gene using a positional
cloning approach (Bahary et al., 2004). Bulk segregation analysis
located the mutation to linkage group 23 and ﬁne mapping using
known and new polymorphic markers further placed the muta-
tion within a 300 kb region between two simple length poly-
morphism markers (SSLPs): zh218-6 and zc274-8 (Fig. 2(A)). The
location together with the observed angiogenesis defects made
plcg1 gene a strong candidate for the mutation. We analyzed the
plcg1 gene sequence by sequencing the cDNA isolated from wild
type and mutant ldd239 embryos at 22 hpf. In mutant embryos,
the coding sequence of plcg1 gene had a T to A transversion at the
position 1053 in the mRNA sequence, resulting in a stop codon at
the 351 cysteine codon of its peptide sequence (Fig. 2(B) and (C)).
All mutant embryos were sequenced at the genomic DNA level
after PCR ampliﬁcation using gene speciﬁc primers (Supplemental
Table 1) and the same mutation was detected. The function of
plcg1 in mutant embryos was considered to be completely
abolished because the encoded protein lacked most of the
C-terminal region (Fig. 2(D) and (E)) that contains two important
SH2 domains and the catalytic domain. Using in situ hybridization
in wild-type embryos and plcg1 expression, plcg1 was expressed
in the ICM at 22 hpf as previously reported (Supplemental Fig. 2)SH analysis of mpx expression at 18 hpf and 22 hpf. In ldd239 mutants, mpx has an
f ((A) and (B), black arrows) and 22 hpf ((C) and (D), black arrows). Black arrows
M which have no signiﬁcant difference between siblings and mutants ((C) and (D),
pression of ﬂi1 has no difference between siblings and mutants at 18 hpf ((E) and
tter shown in higher magniﬁcations ((G)–(J), black arrows). ((K)–(N)) Expression of
22 hpf. ((O)–(T)) Hematopoietic progenitor marker, scl ((O) and (P)), erythrocyte
bae1, expression of all markers have no change in mutants at 22 hpf.
Fig. 2. Positional cloning of ldd239 mutant. (A) Genetic map of the ldd239 region on chr23. Bulk segregation analysis positioned ldd239 allele to Chr.23. Fine mapping
using SSLPs narrowed down the region between markers of zh218-6 and zc274-8. Black short line indicates the plcg1 gene is located in this region. ((B) and (C)) Sequencing
results of plcg1 cDNA from genomic homozygous siblings (B) and homozygous mutants (C), respectively, showed a T-A mutation marked with black underline. ((D) and
(E)) Structure of wild-type and mutant plcg1 protein, showed a truncated mutant protein because of stop codon (F).
Fig. 3. Identify plcg1 is indeed responsible for phenotypes of ldd239. ((A)–(F)) Plcg1mRNA can rescue the ldd239 defect. Injection of plcg1mRNA can restore the decreased
mpx expression in mutant ICM region at 22 hpf compared with mutants ((C) and (D), black arrows). Simultaneously, deﬁcient angiogenesis can also be rescued by
overexpression of plcg1 ((E) and (F), black arrows). ((G) and (H), (K) and (L)) Plcg1 morphants have the same phenotypes as ldd239 mutants. Plcg1 morphants have a
decreased mpx expression like ldd239 mutants ((G) and (H), black arrows) and also have a deﬁcient angiogenesis marked by ﬂk1 deﬁcient expression ((K) and (L), black
arrows). ((I) and (J)) WISH for l-plastin. Expression of l-plastin ((I) and (J)) has no change at 22 hpf in plcg1 morphants.
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line might be caused by mutated plcg1.
To conﬁrm that the phenotypes in ldd239 mutants were
indeed caused by the nonsense mutation of plcg1, we injected
the plcg1mRNA into ldd239 mutants. We found that wild-type
plcg1 mRNA could restore the mpx expression in the ICM
(Fig. 3(A)–(D)). On the other hand, plcg1 mRNA also restored the
deﬁcient angiogenesis phenotype (Fig. 3(E) and (F)). To provide
further evidence, we designed the antisense morpholino directed
against the plcg1 ATG sites. Plcg1 morphants also exhibited a
decreased mpx expression in the ICM, accompanied by an apparent
deﬁcient angiogenesis similar to a previous report (Fig. 3(G) and
(H) and Fig. 3(K) and (L)) (Lawson et al., 2003). Other myeloid
markers such as l-plastin were also unaffected (Fig. 3(I) and (J)).
Combined with plcg1 speciﬁc expression, these results stronglysuggested that lack of plcg1 function was indeed responsible for
the phenotypes in ldd239 mutants.
Vessel and granulocyte phenotypes of plcg1 mutants are independent
Plcg1 has important roles in numerous physical processes by
catalyzing phosphatidylinositol 4,5-bisphosphate into secondary
messengers, PI3 and DAG (Nakamura and Fukami, 2009). The
plcg1 knockout mouse had impaired vasculogenesis and erythro-
genesis (Liao et al., 2002). In zebraﬁsh, plcg1 was proven to
regulate artery development in vegf/vegfr signaling pathway
(Lawson et al., 2003). To investigate the relationship between
vessel and granulocyte phenotypes in plcg1 mutants, we injected
vegfa MO to mimic a deﬁcient angiogenesis phenotype and
examined the mpxþ cells population. Because vegfa functions
Fig. 4. Loss-of-function of plcg1 affects granulopoiesis independent of plcg1’s role in angiogenesis and in a cell-autonomous manner. ((A)–(D)) WISH analysis of ﬂk1 and
mpx expression. In vegfa morphants, ﬂk1 expression is disrupted at 22 hpf ((A) and (B)) indicating defects in angiogenesis. However the mpx expression has no change ((C)
and (D)), suggesting granulopoiesis in the ICM is independent of angiogenesis. ((E)–(H)) WISH analysis of gata1 and pu.1 expression. In vegfa morphants, expression of
gata1 ((E) and (F)) and pu.1 ((G) and (H)) are not affected. ((I)–(L)) Rescuing experiment with Tol2(ﬂk1: plcg1-2a-mCherry). Fluorescence microscopy images of the trunk of
22 hpf ldd239 mutants injected at one cell-stage with Tol2(ﬂk1:plcg1-2a-mCherry) transgene driving expression of mCherry ((I), red). Injection of Tol2(ﬂk1:plcg1-2a-
mCherry) construct can rescue the vascular defect ((J) and (K)) while it cannot rescue decreased mpx expression (L). ((M)–(P)) Rescuing experiment with Tol2(mpx: plcg1-
2a-mCherry). Fluorescence microscopy images of the trunk of 22 hpf ldd239 mutants injected at one cell-stage with Tol2(mpx:plcg1-2a-mCherry) transgene driving
expression of mCherry ((M), red). Injection of Tol2(mpx:plcg1-2a-mCherry) construct can rescue the decreased mpx expression ((N) and (O)) while it cannot rescue the
deﬁcient angiogenesis (P). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Loss-of-function of plcg1 does not affect initiation of granulocytes. ((A)–
(H)) Expression analysis of granulocyte progenitor markers pu.1, cebpa and gﬁ1.1
in plcg1 mutants. Expression of pu.1 ((A) and (B)) and cebpa ((C) and (D)) have no
difference between siblings and mutants. Another markers gﬁ1.1 also has indis-
tinguishable expression at 18 hpf ((E) and (F)) and 20 hpf ((G) and (H)) between
siblings and mutants.
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et al., 2003), knockdown of vegfa did not affect the expression
level of plcg1 but impaired its function in angiogenesis. In the
vegfa morphants, the angiogenesis defect was similar to that
of the plcg1 mutants (Fig. 4(A) and (B)). But mpx expression was
not affected in vegfa morphants (Fig. 4(C) and (D)). Other
hematopoietic markers such as gata1 and pu.1 were also not
affected (Fig. 4(E) and (F) and Fig. 4(G) and (H)). These results
suggested that impaired granulopoiesis was not due simply to
abnormal angiogenesis in plcg1 mutants. In zebraﬁsh, granulocytes
ﬁrst emerge in the p-ICM region at 18 hpf (Bennett et al., 2001),
while angiogenesis begins as early as 21 hpf (Holden et al., 2011).
So plcg1 apparently plays a speciﬁc role in development of
zebraﬁsh granulocytes.
To further prove that plcg1 regulation of granulocyte maturation is
cell autonomous, we expressed plcg1 speciﬁcally in vessels and
granulocyte lineage cells under the control of ﬂk1 and mpx vessel-
and granulocyte-speciﬁc promoters, respectively. Transient transgenic
expression of wild-type plcg1 in an endothelial-speciﬁc or a
granulocytic-speciﬁc manner in ldd239mutants could only efﬁciently
and speciﬁcally rescue celltype speciﬁc defects (Fig. 4(I)–(P)). So the
two deﬁcient phenotypes in ldd239 mutants are independent.
Loss-of-function of plcg1 does not affect granulocytes fate decision
To investigate the mechanisms of decreased mpx expression in
plcg1 mutants, we studied early aspects of granulopoiesis. WISH
was done using pu.1 and cebpa, two important early markers at
16 hpf (Yuan et al., 2011). The results showed there were no
difference between mutants and sibling embryos (Fig. 5(A)–(D)),
Fig. 6. Disruption of plcg1 plays an important role in terminal maturation of granulocytes. ((A) and (B), (A0) and (B0)) Sudan black staining of plcg1 mutants. In the mutants,
the staining is signiﬁcantly lower ((B) and (B0), black arrow) than that in wild-type siblings ((A) and (A0), black arrow). ((C) and (D)) Confocal scanning of live wild-type
sibling and mutant embryos. The equivalent scanned area is shown ((A) and (B), dotted squares). In one scanning layer, some round and big cells similar to granulocytes
could be detected and the numbers of these group cells are equal between wild-type siblings ((C), white arrows) and mutants ((D), white arrows). notochord: nc. yolk sac:
yc. (E) Average numbers of granulocytes in the boxed region between siblings and mutant embryos. ((F) and (G)) Higher magniﬁcation of granulocytes between siblings
and mutant embryos. Red arrows represent granules of granulocyte (F). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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of granulopoiesis. Then we checked another important marker
gﬁ1.1 which regulates the early granulocyte maturation process
(Hock et al., 2003; Hock and Orkin, 2006; Wei et al., 2008). Again,
the gene expression was indistinguishable between siblings and
mutants at 18 hpf and 20 hpf, respectively (Fig. 5(E) and (F) and
Fig. 5(G) and (H)). These results suggested that only late granu-
locyte development process was affected in plcg1 mutants. The
decreasedmpx expression and normal gﬁ1.1 expression suggested
the number of granulocyte progenitors was normal and only the
expression of myeloperoxidase (mpx) was affected.Loss-of-function of plcg1 affected granulocytes maturation
We further examined cell proliferation and apoptosis in the
mutant embryos. Staining for phospho-Histone3, a cell prolifera-
tion marker, in ldd239 embryos at 22 hpf demonstrated no
obvious difference between mutants and siblings (data not
shown). To examine apoptosis, the TUNEL assay was carried out
in the ldd239 embryos at 22 hpf. Although obvious apoptotic
signals could be detected in mutant embryos, the staining was
distributed on the surface of embryos instead of in the ICM
(Supplemental Fig. 3(A) and (B)). We injected bcl2-GFP mRNA
into plcg1 mutants and this did not rescue mpx expression (Liu
et al., 2003). The results suggest that apoptosis did not contribute
to the decreased mpx expression in the ICM of the mutants
(Supplemental Fig. 3C and D).Sudan black B liquid (SB) is classically known as a dye solution
for staining mature neutrophils with granules (Li et al., 2011). At
33 hpf, we stained ldd239 mutant embryos with SB and found
decreased staining compared with sibling embryos (Fig. 6(A) and
(B) and (A0) and (B0)), indicating the number of functional
granulocytes were signiﬁcantly decreased. At the same stage,
mpx expression was hardly detected (Supplemental Fig. 1(A) and
(B)). To conﬁrm the conclusion drawn from SB staining, DIC
microscopic analysis was used to detect neutrophils in live
embryos at 33 hpf (Fig. 6(C) and (D)) (Warga et al., 2009). By
counting the big and round cells in different scanning layers (Le
Guyader et al., 2008; Li et al., 2011; Warga et al., 2009), we found
that there was no obvious difference in the number of large
myeloid cells between sibling and mutant embryos (Fig. 6(E)). In
high resolution images, we found that in siblings the granules in
granulocytes could be easily detected (Fig. 6(F)), but in mutants
the granules in mutant granulocytes could hardly been detected.
This demonstrated that granulocyte in plcg1 mutant embryo was
immature (Fig. 6(G)). Depletion of plcg1 function speciﬁcally
affected the later steps of the granulocyte maturation process
and speciﬁcally affected granule synthesis.Discussion
In this study, we report the isolation, cloning, and character-
ization of a zebraﬁsh plcg1 mutant line (ldd239) that has a
profound defect in granulocytopoiesis. The defect in the
C.-B. Jing et al. / Developmental Biology 374 (2013) 24–3130maturation of granulocytes in plcg1 mutants was independent of
vascular defects. During early granulopoiesis, the fate decision is
controlled by pu1 and cebpa, while gﬁ1.1 has important functions
in neutrophil maturation (Hock et al., 2003; Hock and Orkin,
2006; Wei et al., 2008). We found that the expression of these
transcription factors was unchanged in the plcg1 mutants at
different stages, suggesting that granulocytes lineage determina-
tion and primary maturation process were not affected. The SB
staining in mutant embryos suggested the deﬁcient development
of granules, and DIC microscopic analysis strengthened the
ﬁnding. Our results establish a speciﬁc role for plcg1 in the
maturation of neutrophils.
The primary waves of granulocyte develop is independent of
blood stem cell development. Ldd239 mutant embryos could not
generate HSCs because of abnormal vascular development. Other
primitive blood cells such as erythrocytes, based on distinguish-
ing morphology and gene expression were unaffected (Warga
et al., 2009). These results conﬁrmed that plcg1 functioned in a
later stage of granulocytes development.
Plcg1 has important roles in numerous physiological processes
by catalyzing phosphatidylinositol 4,5-bisphosphate. The mouse
model with deﬁcient plcg1 had been studied which had no
vasculogenesis and erythrogenesis, partially different from
ldd239 (Liao et al., 2002). From our characterization of plcg1
mutants, we have noticed that the requirement of the plcg1
function in granulopoiesis during early development is different
between zebraﬁsh and mouse. In zebraﬁsh, there are two groups
of granulocytes originated from separate anatomical locations,
one in the anterior head region and the other in the posterior ICM
region. The ICM group is unique in zebraﬁsh. Our results showed
that deﬁciency of plcg1 speciﬁcally affected granulocytes in the
ICM region. A contributing factor for this difference is that mouse
and zebraﬁsh embryos develop in different environments. The
different environmental conditions require distinct defense by
blood cells at the early stage. In mouse, primitive hematopoiesis
produces few granulocytes because embryos are developed in
utero, a clean and controlled environment. On the other hand,
zebraﬁsh embryos develop externally in water full of pathogens, a
dirtier and less-controlled environment. It is possible that the
requirement of more granulocytes for defense against pathogens
in zebraﬁsh evolutionarily resulted in different requirements of
plcg1 function in granulopoiesis during primitive hematopoiesis,
despite of that the role of plcg1 in vascular is conserved between
mouse and zebraﬁsh. According to known plcg1 functions, it is
likely that plcg1 participates in intracellular signal tranduction
that promote expression of mpx and mediate vesicular transport
that is required for granulocyte maturation. However, our pre-
liminary analysis did not identiﬁed zebraﬁsh orthologs of lacto-
ferrin, HNP-1, neutrophil elastase, and defensin that are known to
be involved in granule synthesis.
There are many mutant lines with various mutations in plcg1
gene in zebraﬁsh (Covassin et al., 2009; Lawson et al., 2003),
among which our mutant line ldd239 with nonsense mutation
should be the only one completely losing function of the gene. In
plcg1 mutants, we did not ﬁnd decreased erythropoiesis labeled
with gata1 and hbae1 probes at 22 hpf (Fig. 1(Q) and (R) and
Fig. 1(S) and (T)). Although in ICM region mpxþ and gata1þ cells
have the common progenitors(Warga et al., 2009), the decreased
mpx expression but normal gata1 expression suggested the fate
determination balance between erythropoiesis and myelopoiesis
was not disrupted in the ICM. The expression of gata1 and pu.1 at
18 hpf was unchanged between siblings and mutants (Supple-
mental Fig. 4(A)—(D)). Micro-injection of sumo MO in plcg1
mutants did not rescue decreased mpx expression in the ICM
(Supplemental Fig. 4(E)–(H)) (Yuan et al., 2011). These results
suggested that loss of plcg1 did not affect granulocytes anderythrocytes fate decision from progenitors and only affected
granulocytes development.
The identiﬁcation of plcg1 as a crucial regulator of granulocytes
maturation demonstrates the power of zebraﬁsh forward genetics
screens to discover novel factors involving in hematopoiesis. The
ldd239 mutant line may be an interesting model of congenital
neutropenia model and provides a potential candidate gene for
neutropenia in humans.Acknowledgement
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